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ABSTRACT: Membrane-bound pyrophosphatase (PPase) is commonly believed to couple pyrophosphate
(PPi) hydrolysis to H+ transport across the membrane. Here, we demonstrate that two newly isolated
bacterial membrane PPases from the mesophileMethanosarcina mazei(Mm-PPase) and the moderate
thermophileMoorella thermoaceticaand a previously described PPase from the hyperthermophilic
bacteriumThermotoga maritimacatalyze Na+ rather than H+ transport intoEscherichia coliinner membrane
vesicles (IMV). When assayed in uncoupled IMV, the three PPases exhibit an absolute requirement for
Na+ but display the highest hydrolyzing activity in the presence of both Na+ and K+. Steady-state kinetic
analysis of PPi hydrolysis by Mm-PPase revealed two Na+ binding sites. One of these sites can also bind
K+, resulting in a 10-fold increase in the affinity of the other site for Na+ and a 2-fold increase in maximal
velocity. PPi-driven22Na+ transport into IMV containing Mm-PPase was unaffected by the protonophore
carbonyl cyanidem-chlorophenylhydrazone, inhibited by the Na+ ionophore monensin, and activated by
the K+ ionophore valinomycin. The Na+ transport was accompanied by the generation of a positive inside
membrane potential as reported by Oxonol VI. These findings define Na+-dependent PPases as electrogenic
Na+ pumps. Phylogenetic analysis suggests that ancient gene duplication preceded the split of Na+- and
H+-PPases.

Membrane pyrophosphatases (PPases1, EC 3.6.1.1) are
integral membrane proteins commonly found in the cyto-
plasmic membrane of diverse bacteria and archaea, whereas
in plants and protozoa, they are located in vacuoles and
acidocalcisomes (1-4). Membrane PPases isolated from
several sources have been shown to couple pyrophosphate
(PPi) hydrolysis to the transmembrane transport of protons
against an electrochemical potential gradient (4-6). Accord-
ingly, this enzyme is often called H+-PPase by analogy with
H+-ATPase. H+-PPases represent a distinct class of ion
translocases that do not have sequence homology to ubiq-
uitous ATP-energized pumps, including F-, V- and P-type
ATPases and ABC transporters (7). In H+-PPases, the

substrate-binding domain faces the cytoplasm, and the
direction of proton pumping is away from the cytoplasm.

In plants, in addition to acidifying the vacuole, H+-PPase
activity facilitates auxin transport. Consequently, the loss of
H+-PPase function inArabidopsis thalianacauses severely
disturbed organ development, whereas up-regulation of
H+-PPase promotes root and shoot growth (8). The latter
effect renders the host plant (e.g., tomato or tobacco) more
tolerant to salt and drought (9-11), making H+-PPase a
valuable tool for crop engineering. In bacteria, H+-PPase
contributes to stress resistance by providing essential energy
reserves during metabolic transitions and low-energy condi-
tions (12, 13).

Although all membrane PPases have an absolute require-
ment for Mg2+, their requirements for alkali cations differ.
Specifically, K+-independent and -dependent subfamilies of
H+-PPases have been previously identified (6, 14, 15). Both
subfamilies occur in bacteria and archaea, whereas plant
PPases usually belong to the K+-dependent subfamily. The
subfamilies are clearly homologous but differ in that alkali-
cation independent PPases contain Lys, and K+-dependent
PPases contain Ala in the GNXX(K/A) signature sequence
(15). Furthermore, we recently discovered that the hyper-
thermophilic bacteriumThermotoga maritimacontains an
evolutionarily related Na+-dependent membrane PPase (Tm-
PPase) (16). The absolute requirement of Tm-PPase for Na+

raised the possibility that it could function as a PPi-energized
Na+ transporter inT. maritima. However, this possibility
could not be easily tested in a natural or reconstituted system
because the activity of this thermophilic enzyme was too
low at temperatures compatible with membrane vesicle
integrity. Because we were unsure whether Tm-PPase was
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a curious rarity or the first member of a previously
unrecognized subfamily of Na+-dependent PPases, we un-
dertook a search for Na+-dependent PPases from other
bacteria, including mesophilic sources. In the present article,
we describe two more Na+-dependent PPases and show that
they do translocate Na+ instead of H+ across the membrane.

EXPERIMENTAL PROCEDURES

Plasmid Construction.TheMethanosarcina mazeiPPase
(Mm-PPase) gene (GenBank protein accession number
NP_632724) (17) andMoorella thermoaceticaPPase (Mt-
PPase) gene (GenBank protein accession number YP_430205)
were amplified from genomic DNAs (DSMZ) by PCR using
Pfu-Turbo DNA polymerase (Stratagene). In the case of Mm-
PPase, the primers incorporated artificialNcoI and XhoI
restriction sites. The PCR products were digested withNcoI
and XhoI and inserted into the multiple cloning site of
pET15b(+) (Novagen). The Mm-PPase gene was then
subcloned to pET36(+) (Novagen) usingXbaI and XhoI
restriction sites. The resulting construct was named Maz-
pET. In the case of Mt-PPase, primers incorporating artificial
NdeI and XhoI restriction sites were employed. The PCR
products were digested withNdeIandXhoI and inserted into
the multiple cloning site of pET36b(+) (Novagen). The
resulting construct was named Moo-pET.

To improve the expression yield, constructs with modified
N-termini were also generated. For the MazM-pET construct,
the N-terminal sequence MEMLI of Mm-PPase was replaced
with the sequence MLI by inverse PCR using primers 5′-
ATGTTAATCTACCTTACACCAATATGTGCC-3′ and 5′-
GGTATATCTCCTTCTTAAAGTTAAAC-3′ and Maz-pET
as the template. For the MooM-pET construct, the N-terminal
sequence MELLAPLTGIV of Mt-PPase was similarly re-
placed by the sequence MIIYLAPLAGIV using primers
5′-ATTATTTATTTAGCACCACTGGCAGGGATAGTGG-
CCTTGCTTTTTGCC-3′ and 5′-CATATGTATATCTCCT-
TCTTAAAGTTAAAC-3 ′ and Moo-pET as the template. The
PPase-encoding regions of the constructs were sequenced
to confirm the absence of secondary substitutions. Making
the N-termini of Mm-PPase and Mt-PPase more hydrophobic
appeared to facilitate their insertion into the membrane,
increasing the activity yield by factors of 2 and 10,
respectively. The N-terminally modified PPases were used
in transport studies, whereas the authentic PPases were
employed in PPi hydrolysis studies.

Western Analysis.IMV were diluted ∼500-fold with
sample buffer (63 mM Tris-HCl at pH 6.8, 10% glycerol,
1% SDS, and 300 mM dithiothreitol). The mixture was
heated for 5 min at 95°C, and then 0.2µg of protein (in
5 µL total volume) from each sample was electrophoresed
on a 12% polyacrylamide gel containing 0.1% SDS (18).
The resolved samples were transferred to a nitrocellulose
Hybond ECL membrane (GE Healthcare) in standard Towbin
buffer (19) containing 20% (v/v) methanol for 1 h at 100 V
in a Mini-PROTEAN 3 apparatus (Bio-Rad). The membrane
was blocked in 5% fat-free milk in TBS buffer (20 mM Tris-
HCl at pH 7.6, 50 mM NaCl, and 0.2%n-dodecyl-â-D-
maltoside). Rabbit antiserum raised against the peptide
IYTKAADVGADLVGKVE, which is conserved in mem-
brane PPases (MedProbe), was diluted 10000-fold in TBS
buffer and allowed to bind for 1 h atroom temperature. A

peroxidase-labeled secondary antibody and an ECL kit (GE
Healthcare) were used to visualize the PPase antiserum-
reactive bands.

Enzyme Expression and Vesicle Isolation.PPases were
expressed inEscherichia coliC41 (DE3) cells (20) bearing
an additional pAYCA-RIL plasmid (Stratagene), which
supplies tRNAs for codons that are rare inE. coli. Inverted
membrane vesicles (IMV) were prepared by a French press
method and isolated by a two-step ultracentrifugation
procedure as described previously forT. maritimaPPase (16).
The IMV used in transport studies were subjected to a third
ultracentrifugation step in storage buffer (10 mM MOPS-
tetramethylammonium (TMA) hydroxide at pH 7.2, 150 mM
sucrose, 1 mM MgCl2, and 40µM EGTA) to reduce the
sucrose concentration. The membrane pellet was suspended
in storage buffer, frozen in liquid N2, and stored at-70 °C.
The amounts ofE. coli IMV were calculated according to
their protein content, which was estimated using the Bradford
assay (21).

PPi Hydrolysis Assay.BecauseE. coli lacks endogenous
membrane-bound PPases and because the IMV isolation
protocol efficiently washes away solubleE. coli PPases
(<2% background PPase activity remaining), the IMV
prepared from the cells bearing PPase expression plasmids
can be used directly for activity measurements. The reaction
medium, in an initial volume of 25 mL, typically included
0.1 M MOPS-TMA hydroxide (pH 7.2), 5.3 mM MgCl2,
50 µM EGTA, 5-50 µL of IMV suspension (0.05-0.5 mg
protein), and various concentrations of NaCl and KCl. IMV
were preincubated in this reaction medium for 1 min at
40 °C, and the reaction was initiated by the addition of
160 µM TMA 4-PPi (giving 100 µM Mg2PPi complex).
Liberation of inorganic phosphate was continuously recorded
for ∼3 min with an automatic inorganic phosphate analyzer
(22). The results of duplicate measurements agreed within
10%. Control experiments using TMA chloride instead of
NaCl and KCl indicated that the ionic strength did not
significantly affect activity. Established Na+- and K+-free
reagents (<10µM Na+ or K+) (16) were employed to assess
the dependence of catalysis on Na+ and K+. The concentra-
tions of contaminating Na+ and K+ ions in the assay medium
were estimated using a SpectrAA-300 atomic absorption
spectrometer (Varian Techtron). The buffers used in pH
dependence studies were 0.1 M MES (pH 5.0-6.5), MOPS
(pH 6.5-8.0), or TAPS (pH 8.0-10.0), adjusted to the
desired pH with TMA hydroxide. These studies were
performed at saturating concentrations of metal cofactors
(20 mM MgCl2, 50 mM KCl, and 20 mM NaCl at pHe5.5
or 10 mM NaCl at pH>5.5). Under all conditions tested,
the concentration of Mg2PPi (100 µM) was saturating. The
amounts of PPi required to maintain this concentration of
Mg2PPi complex at various pH values were calculated as
described previously using the dissociation constants for the
Mg2+, K+, and H+ complexes of PPi (23).

Transport Assays.PPi-energized proton transport into
membrane vesicles was assayed by measuring the fluores-
cence quenching of the pH-sensitive probe acridine orange
(24). The membrane vesicles were incubated for 2 min in
buffer H (20 mM MES-TMA hydroxide (pH 5.5), 20 mM
MOPS-TMA hydroxide (pH 7.2), or 20 mM TAPS-TMA
hydroxide (pH 9.0) with 0.15 M sucrose, 5 mM MgCl2,
50 mM KCl, 10 mM NaCl, and 10-100 µM EGTA) and
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4 µM acridine orange at 25°C, and the reaction was initiated
by the addition of 1.9 mM (at pH 5.5; yielding 50µM Mg2-
PPi), 0.16 mM (at pH 7.2; yielding 100µM Mg2PPi), or
0.14 mM (at pH 9.0; yielding 100µM Mg2PPi) TMA4-PPi.

PPi-energized sodium transport into membrane vesicles
was assayed at 0 or 25°C by following the accumulation of
22Na+ in the vesicles using a modification of a previously
described procedure (25). The vesicles were preincubated
in 0.7 mL of buffer NS (0.1 M MOPS-TMA hydroxide at
pH 7.2, 0.15 M sucrose, 5 mM MgSO4, 25 mM K2SO4,
0.5 mM Na2SO4, and 50µM EGTA) or buffer NC (0.1 M
MOPS-TMA hydroxide at pH 7.2, 0.15 M sucrose, 5 mM
MgCl2, 50 mM KCl, 1 mM NaCl, and 50µM EGTA)
including ∼0.3 µCi of 22NaCl (carrier-free, Perkin-Elmer)
for ∼2 h at the assay temperature. The reaction was started
by adding 0.9 mM TMA4-PPi. Aliquots (80 µL) were
withdrawn at appropriate times and rapidly (<10 s) passed
through Dowex 50 ion exchange columns (5× 12 mm). The
columns were washed with 0.5 mL of 0.1 M MOPS-TMA
hydroxide at pH 7.2, 150 mM sucrose, 5 mM MgCl2,
10 mM KCl, and 50µM EGTA. The eluate contained the
IMV, whereas all external22Na+ remained bound to the
column. The amount of22Na+ in the IMV was determined
by liquid scintillation counting.

The generation of a membrane potential was detected as
a red shift in the absorbance maximum of Oxonol VI
(Invitrogen) (26). IMV (1.1 mg/mL) were incubated in buffer
NS supplemented with 2µM Oxonol VI for 2 h, and the
reaction was started by adding 1 mM TMA4-PPi. The
absorbance spectra were recorded with an LKB Biochrom
4060 UV-VIS spectrophotometer (Pharmacia).

Data Analysis.The dependence of the hydrolytic activity
of Mm-PPase on Na+ and K+ concentrations at saturating
substrate and Mg2+ concentrations was interpreted using the
kinetic model shown in Scheme 1. Scheme 1 involves two
parallel routes, one for the K+-free enzyme and the other
for the K+-bound enzyme, and implies the presence of at
least two activating binding sites for alkali cations on Mm-
PPase. The corresponding rate equation (eq 1), derived
assuming equilibrium binding of Na+ and K+, includes two
maximal velocities (V1 for Na+- and K+-activated enzyme;
V2 for sodium-activated enzyme) and four equilibrium
constants governing the binding of Na+ to the K+-free
enzyme (KNa1andKNa2,) or to the K+-bound enzyme (KNa1(K)),
or K+ binding to the Na+-free enzyme (KK):

ParameterVo is the basal activity of IMV due to contami-
nating E. coli PPase that is insensitive to Na+ and K+.

Numerical values for all parameters were determined by
fitting eq 1 to the rate data using SCIENTIST software
(MicroMath). Rate values were weighted according to 1/V2.

RESULTS

Mm-PPase is Functionally Expressed in E. coli. The M.
mazeimembrane PPase was expressed inE. coli C41 (DE3)
cells (20), and IMV were isolated using the method previ-
ously established for bacterial membrane PPases (15, 16, 24).
Western blot analysis of IMV using a rabbit antiserum raised
against the conserved peptide in membrane PPases, IYT-
KAADVGADLVGKVE, which is conserved in membrane
PPases (MedProbe), revealed major∼70 and∼140 kDa
bands, which correspond to the calculated molecular masses
of monomeric (69.0 kDa) and dimeric Mm-PPase, respec-
tively (Figure 1). No immunoreactive protein was present
in the authenticE. coli IMV. The PPase activity of the Mm-
PPase IMV measured in the presence of 50 mM K+ and 10
mM Na+ at 40°C was 2.2µmol min-1 mg-1, which exceeded
the value of 0.4µmol min-1 mg-1 reported for Tm-PPase
IMV, wherein PPase accounted for 2% of the total protein
(16). The activity of the Mm-PPase IMV displayed typical
properties of a membrane PPase, such as low sensitivity to
the soluble PPase inhibitor fluoride (5% inhibition at
0.25 mM), hypersensitivity to the membrane PPase inhibitor
aminomethylenediphosphonate (>95% inhibition at 20µM),
and an absolute dependence on Mg2+ for activity. The
expressed gene thus encodes a functional membrane
PPase.

Mm-PPase Requires Na+ for ActiVity. In the absence of
Na+, Mm-PPase activity was indistinguishable from the
background over the entire range of K+ concentrations
examined (0-100 mM). As the concentration of Na+ was
raised, the PPase activity increased up to a plateau level
(Figure 2A). Increasing the K+ concentration progressively
shifted the Na+ dose-response curve to lower concentrations

Scheme 1: Na+ and K+ Activation of Mm-PPase

FIGURE 1: Western analysis of IMV prepared from C41(DE3) cells
expressing Mm-PPase or transformed with vector only. IMV (0.2
µg) was subjected to SDS-PAGE, electrotransferred and probed
with PPase polyclonal antiserum.

V ) V0 + (V1[Na][K]/ KKKNa1(K) +

V2[Na]2/KNa1KNa2)/(1 + [Na]/KNa1 + [K]/ KK +

[Na]2/KNa1KNa2 + [Na][K]/ KKKNa1(K)) (1)
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(i.e., to the left) and increased the maximum activity. In the
presence of Na+, the activity increased with increasing K+

concentrations (Figure 2B). These results indicated that Mm-
PPase absolutely requires Na+ for activity, whereas both Na+

and K+ are needed for maximal activity. Rb+ could substitute
for K+ but not Na+ as an activator of Mm-PPase and was
effective in the same concentration range.

Quantitative analysis of these data also indicated that Mm-
PPase closely resembles Tm-PPase in its alkali cation
requirement. The dependence of Mm-PPase activity on the
concentration of alkali cations could be described by a simple
model, implying the presence of two alkali cation binding
sites on the enzyme (Scheme 1). This model is a simplified
version of that for Tm-PPase (16). Although both models
involve two parallel routes, one for K+-free enzyme and the
other for K+-bound enzyme, the number of the essential Na+

ions in the K+-dependent route is reduced by one in Scheme
1, and it does not incorporate inhibition by excess of Na+

because such inhibition is not observed with Mm-PPase.
Accordingly, Scheme 1 contains only five enzyme species,
which is three less than the corresponding scheme for Tm-
PPase (16). This is the simplest model because omitting any
species resulted in a significantly poorer fit, whereas adding
additional species did not significantly affect the fit.

The parameters describing Scheme 1 were determined by
fitting eq 1, derived from Scheme 1, to the rate data and are
listed in Table 1. The simplest interpretation is that both the
high-affinity site that is highly specific for Na+ and the low-
affinity site that binds both Na+ and K+ must be occupied
for the enzyme to be active. As evident in Table 1, K+

increases the affinity of Mm-PPase for Na+ ∼10-fold
(KNa1 vsKNa(K)). Likewise, Na+ increases the affinity of Mm-
PPase for K+ ∼10-fold (KK vs KKKNa1(K)/KNa1). In addition,
the EKNa species is nearly twice as active as the ENa2

species. Given that bacterial cytoplasm usually contains 10-
fold more K+ than Na+, the catalytically active complex

containing K+ is likely the most prevalent enzyme species
under physiological conditions.

The hydrolytic activity of Mm-PPase retained a require-
ment for Na+ over a pH range from 5.0 to 10.0. The pH
profile at saturating concentrations of Na+, K+, Mg2+, and
PPi was bell-shaped, with maximum activity at pH 7.5,
indicating the involvement of two ionizable groups with pKa

values of 5.6( 0.1 and 9.3( 0.1.
Mm-PPase Does Not Pump Protons.We compared the

abilities of Mm-PPase and a proton-translocating H+-PPase
from Rhodospirillum rubrum(R-PPase) (24) to form a PPi-
energized [H+] gradient measuring the fluorescence quench-
ing of the pH-sensitive probe acridine orange at 25°C. At
this temperature,E. coli IMV are resistant to aggregation,
and their passive permeability to H+ is low. Mm-PPase, in
contrast to R-PPase, was unable to mediate detectable
fluorescence quenching upon addition of PPi either at pH
7.2 (Figure 3) or at pH 5.5 and 9 (data not shown), although
the hydrolytic activities of the PPases were similar. The
integrity of the Mm-PPase IMV used was confirmed by their
ability to generate an H+ gradient upon the addition of lactate,
which is oxidized by the coupled action of an endogenous
E. coli membrane enzymeD-lactate dehydrogenase and the
electron-transport chain (27). These observations indicate that
Mm-PPase does not translocate H+ across the IMV mem-
brane.

Mm-PPase Is an Electrogenic Na+ Transporter. The
absolute requirement of Mm-PPase activity for Na+ sug-
gested that this enzyme employs Na+ instead of H+ as a
coupling ion. We therefore directly examined this possibility
using 22Na+ in the assay medium combined with the
separation of IMV from the assay medium by ion exchange
chromatography. We observed the rapid accumulation of
22Na+ in Mm-PPase IMV upon the addition of PPi at 25°C.
To investigate the kinetics of this process, we examined the
uptake of22Na+ at 0 °C (Figure 4). Importantly, PPi-driven
Na+ transport was not observed using authenticE. coli IMV,

FIGURE 2: Dependence of the rate of PPi hydrolysis by Mm-PPase
IMV on Na+ and K+ at 40°C. Numbers on the curves show fixed
K+ (A) or Na+ (B) concentrations in millimolar. The lines were
drawn according to eq 1 using parameter values found in Table 1.

Table 1: Kinetic Parameters for Scheme 1

parameter value

V1 (µmol min-1 mg-1) 2.30( 0.03
V2 (µmol min-1 mg-1) 1.25( 0.04
ν0 (µmol min-1 mg-1) 0.005( 0.001
KNa1 (mM) 1.04( 0.08
KNa2 (mM) 30 ( 3
KK (mM) 31 ( 3
KNa1(K) (mM) 0.104( 0.006

FIGURE 3: H+ translocation into IMV containing R-PPase (43µg/
mL) or Mm-PPase (55µg/mL) at pH 7.2 and 25°C. The left arrow
indicates the addition of PPi or lactate, and the right arrow indicates
the addition of 10 mM NH4Cl to dissipate the H+ concentration
gradient.

Na+-Translocating Pyrophosphatase Biochemistry, Vol. 46, No. 30, 20078875



which lack membrane PPases, or IMV bearing R-PPase.
Monensin, which allows the free diffusion of Na+ across
the membrane, completely prevented the accumulation of
22Na+ by the Mm-PPase IMV. Furthermore, adding monensin
to IMV preloaded with22Na+ in a 20-min incubation in the
presence of PPi resulted in a rapid (<1 min) and nearly
complete loss of the accumulated Na+. In contrast, the
dissipation of any H+ concentration gradient by the proto-
nophore, carbonyl cyanidem-chlorophenylhydrazone (CCCP),
did not prevent PPi-driven 22Na+ uptake (Figure 4). Thus,
rather than generating a transient H+ gradient that can be
exchanged for Na+, Mm-PPase directly transports Na+ across
the membrane. The ratios of the initial velocities of PPi

hydrolysis and Na+ transport were high and variable (3 to
10) in different IMV preparations, and may be attributed to
a significant proportion of leaky or uncoupled vesicles, as
commonly observed in crude membrane preparations (e.g.,
ref 25).

With membrane-impermeable SO4
2- as the only anion in

the 22Na+ uptake assay buffer (Figure 4), Na+ transport by
Mm-PPase should create a positive inside membrane poten-
tial in the IMV unless a charge-balancing cation antiport or
anion symport is mechanistically linked to the Na+ transport
activity. We therefore examined the formation of a membrane
potential using two different methods. First, we found that
valinomycin, which allows free diffusion of K+ across the
membrane and thus dissipates any formed membrane po-
tential, increased the initial rate of22Na+ transport and the
final amount of22Na+ accumulated (Figure 4). In a set of
22 independent measurements, valinomycin enhanced Na+

accumulation in 30 min by 33( 10% (SD). Second, we
found that Na+ transport resulted in a red shift in the
absorbance maximum (from 595 to 605 nm) of the optical
membrane potential probe Oxonol VI (Figure 5), indicating
the formation of a positive inside potential. The absorbance
maximum reverted when the membrane potential was dis-
sipated by the addition of valinomycin. Together, this
evidence suggests that Mm-PPase is an electrogenic Na+

transporter; however, the quantitative estimation of the
membrane potential should await experiments with better
sealed and more uniform membrane preparations.

Several lines of evidence indicate that Na+ transport into
IMV builds up a Na+ concentration gradient (higher con-
centration inside), rather than merely allowing equilibration
of the ion across the membrane. First, the maximal amount
of Na+ accumulated byM. thermoaceticaIMV increased
nearly 10-fold, rather than remaining constant, when tem-
perature was increased from 0°C (Figure 4) to 25°C (Figure
6). Second, no significant change (<10%) in the maximal
amount of accumulated Na+ was observed when Na+

concentration in the assay medium was decreased to 0.5 mM
or increased to 2 mM (data not shown). Of note, the
hydrolytic and pumping activities were stimulated at the
increased temperature but were independent of [Na+] in the
range tested (Figure 2). Third, depletion of PPi from the
incubation medium, by the addition of 17µM E. coli soluble
PPase to IMV preloaded with Na+ as in Figure 6, caused
efflux of Na+ that was complete in 60 min.

Because the effect of Rb+ on Mm-PPase activity was
similar to that of K+, we examined the possible transport of
Rb+ into or out of IMV by performing a transport assay using
86Rb+ in place of K+. Following a 2-h equilibration of non-
energized IMV with 10 mM86Rb+, 10 mM Na+, and
20 µM CCCP, addition of PPi did not induce changes in the

FIGURE 4: PPi-energized accumulation of22Na+ by Mm-PPase IMV
(1.6 mg/mL) at 0°C. The reaction was started by adding PPi to the
IMV preincubated in buffer NS. Monensin (10µM), CCCP
(20 µM), or valinomycin (2µM) was included in the preincubation
medium as indicated.

FIGURE 5: Detection of PPi-induced membrane potential in Mm-
PPase IMV by Oxonol VI. The absorbance spectra of Oxonol VI
were recorded at 25°C in buffer NS in resting IMV (s), 0.5 min
after the addition of 1 mM TMA4PPi (---), and 1 min after the
further addition of 2µM valinomycin to dissipate the membrane
potential (‚‚‚).

FIGURE 6: PPi-energized accumulation of22Na+ by IMV harboring
Mm-PPase (0.4 mg/mL), Mt-PPase (2.4 mg/mL), Tm-PPase
(3.2 mg/mL), or R-PPase (0.5 mg/mL) at 25°C in buffer NC.
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equilibrium concentration of86Rb+ inside IMV in response
to Na+ accumulation at either 0 or 25°C. Notably, Mm-
PPase was able to catalyze PPi-dependent22Na+ accumulation
into IMV in the K+-free medium. These results collectively
indicate that this enzyme is unlikely to transport Rb+ and
its analogue, K+, together with or in exchange for Na+ and
that Rb+ and K+ are not required for the Na+ transport
activity of Mm-PPase.

Na+-Transporting PPases Are Widespread among Mi-
crobes.In addition to Mm-PPase, we identified a membrane
PPase from the moderate thermophileM. thermoacetica(Mt-
PPase) and isolated it inE. coli IMV. The hydrolytic activity
of Mt-PPase was also strictly dependent on Na+, and the
maximal activity was attained in the presence of both Na+

and K+. Moreover, using the sensitive22Na+ transport assay
optimized with the mesophilic Mm-PPase, we found that both
Mt-PPase and a previously described PPase from the
thermophilic marine bacteriumT. maritima(Tm-PPase) (16)
catalyze PPi-driven Na+ transport into IMV (Figure 6). The
transport rates for the thermophilic PPases were lower
because the assay temperature (25°C) was far below the
temperatures optimal for enzyme activity. Even with the most
thermophilic Tm-PPase, however, the rate was at least 10-
fold higher than the R-PPase background. The discovery of
Na+-translocating PPases from three evolutionary and eco-
logically distant species suggests that many microbes utilize
Na+-transporting PPases.

DISCUSSION

We recently showed that the hyperthermophilic bacterium
T. maritima contains a novel, Na+-dependent membrane-
bound PPase (16). Here, we extend this work by identifying
Na+-dependent PPases in two more microbes, including the
mesophileM. mazei, and show that the new PPases belong
to a previously unknown type of primary Na+ transporters,
the Na+-translocating PPases. On the basis of phylogenetic
analysis of protein sequences (Supporting Information, Figure
S1) and the absence of lysine in the GNXX(K/A) signature
sequence, these three transporters belong to the subfamily
of K+-dependent PPases (15). Consistent with this assign-
ment, Na+-PPases display maximal activity in the presence
of both Na+ and K+.

Kinetic analysis of PPi hydrolysis by Mm-PPase and Mt-
PPase suggests that binding of alkali cations to two distinct
sites is required for enzyme activity. The higher affinity site
is Na+-specific, likely representing the acceptor site for
transported Na+, and may therefore correspond to the H+

acceptor site in H+-PPases. The lower affinity site binds K+

and Na+ with similar affinities and is probably the counter-
part of the cytoplasmically oriented K+-binding site in K+-
dependent H+-PPases (28). This site likely serves a regulatory
role in both Na+-translocating PPases and K+-dependent H+-
translocating PPases and is not directly involved in the
transport process. These conclusions are based on the
documented failure to detect outwardly directed K+ transport
by H+-PPases (29, 30) or Rb+ transport by Na+-PPases
(present study) and the ability of a nontransportable NH3

+

group introduced by Ala460Lys substitution to eliminate the
K+ dependence of the H+-PPase ofCarboxydothermus
hydrogenoformans(15).

Na+-PPases appear to be highly specific with respect to
the transported ion, and unlike other membrane PPases, they

have no H+-transport activity. Whereas Na+,K+-ATPase (31)
and Na+-translocating F1F0-ATPase (32) are able to transport
H+ under low Na+ or high H+ concentrations, we did not
observe the translocation of H+ by Na+-PPase at pH values
from 5.5 to 9.0, and the hydrolytic activity retained its Na+

requirement over a pH range from 5.0 to 10.0. However,
identification of further Na+-PPases is required to pinpoint
the residues responsible for the coupling ion specificity of
Na+-PPases and to identify amino acid substitutions that
could change the transport specificity.

The discovery of Na+-PPases explains an observation that
has long puzzled researchers, specifically that there are two
membrane PPase genes in the genomes of several prokaryotic
species. Thus, the archaeonM. mazeipossesses in addition
a gene that encodes an alkali cation-independent H+-PPase
(accession number NP_632725) (33). In the unrelated
eubacteriumM. thermoacetica, the Na+-PPase is accompa-
nied by a PPase (accession number YP_429292) that is also
classified as an alkali cation-independent H+-PPase because
of the presence of a conserved Lys residue in the GNXX-
(K/A) signature sequence. This dichotomy in PPase function
is also predicted inDehalococcoides ethenogenes(34).
Significantly, in M. mazei, the Na+-PPase and H+-PPase
genes are adjacent to each other on the chromosome,
suggesting that this gene cluster may be the footprint of an
ancient gene duplication that preceded the split of Na+- and
H+-PPases. The duplication likely involved a K+-dependent
enzyme because the K+-dependent H+-PPases are more
closely related to the Na+-PPases than the alkali cation-
independent H+-PPases (Supporting Information, Figure S1).
Importantly, the dichotomy in PPase functions was fixed
because the change in the transported ion specificity of one
of the duplicated gene products allowed the host species to
utilize PPi for the generation of both Na+ and H+ gradients
across the membrane.

The role of Na+-PPase can be most easily conjectured in
the thermophilic marine bacterium,T. maritima, which
utilizes Na+ as the primary bioenergetic coupling ion and
employs a Na+-ATP-synthase (35, 36). In this organism,
Na+-PPase may work in concert with Na+-ATP-synthase to
scavenge energy from biosynthetic waste (PPi) in order to
maintain the Na+ gradient, especially under energy-limiting
conditions. In contrast, bothM. mazeiandM. thermoacetica
have H+-coupled ATP synthases (37, 38) and possess genes
encoding H+-PPases. In these organisms, which can grow
under conditions of high salinity (up to 1 M NaCl), Na+-
PPase could theoretically replace or work in parallel with
the Na+/H+ antiporter to maintain low internal Na+ concen-
trations. Notably, Na+-PPase is the first primary Na+

transporter to be identified inM. thermoacetica(37, 38).
In future investigations, it will be interesting to examine

whether other members of the large subfamily of K+-
dependent PPases, which includes bacterial and most plant
vacuolar PPases, can operate as Na+ transporters. Such
PPases could prove to be valuable tools for the development
of salt-resistant bacteria and plants.

SUPPORTING INFORMATION AVAILABLE

Figure S1 (Bayesian estimate of membrane PPase phy-
logeny). This material is available free of charge via the
Internet at http://pubs.acs.org.
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